Objective: In this study, the effects of age, hearing loss, and modality on the ability to integrate partial information in degraded stimuli, either speech or text, were examined using isolated words. It was hypothesized that the ability to make use of partial information in speech diminishes with age. It was also hypothesized that additional contributions of cochlear pathology underlying hearing loss would be manifest as a further decrement in performance for older adults with hearing loss, relative to older adults with normal hearing. Furthermore, it was hypothesized that, if the ability to integrate partial information in speech is amodal, then recognition performance for degraded speech would be associated with recognition performance for parallel measures of degraded text. Last, it was hypothesized that, if the nature of the amodal ability to integrate partial information is cognitive, then the performance on auditory and visual measures of word recognition would be correlated with performance on measures of working memory.
INTRODUCTION
Listening to speech in a background of fluctuating noise, such as in a background of single or multiple talkers, is more challenging for listeners with hearing loss than for listeners with normal hearing (Festen & Plomp 1990; Takahasi & Bacon 1992; Dubno et al. 2002) . Often, in such a dynamic background, only fragments of speech scattered across the spectral and temporal domain "pop out" above the background noise. Listeners may integrate information available across these spectrotemporal regions or "glimpses" to understand speech (Cooke 2006) . In everyday listening, where we often encounter these dynamic listening backgrounds, normalhearing listeners are frequently able to piece together the degraded signal and make sense of it with relative ease.
How are normal-hearing listeners able to integrate this partial information in speech, and how is this ability affected as a result of hearing loss? Answering these questions is critical to understanding individual differences in speech-communication abilities among hearing-impaired listeners. In addition to robustness of peripheral (bottom-up) cues in the speech signal, top-down processes also affect speech understanding (Pichora-Fuller et al. 1995; Shin-Cunningham & Best 2008) . It has been shown that the ability to piece together fragments of speech is dependent on top-down processes that make use of contextual information and the redundancy of speech in connected discourse (Miller & Licklider 1950; Miller et al. 1951) . In older adults, agerelated deficits in the auditory periphery may be accompanied by declines in cognitive and central-auditory function, which may further exacerbate speech-communication difficulties (Committee on Hearing and Bioacoustics and Biomechanics [CHABA] 1988) . If top-down processing is important for recovering speech information from spectrotemporal glimpses of the speech signal in fluctuating backgrounds, then age-related cognitive decline may further impair the ability of older listeners with hearing loss to understand speech in such backgrounds (Pichora-Fuller et al. 1995; Tun et al. 2009 ).
The differential contribution of peripheral, central, and cognitive factors to speech communication in the elderly is unclear (CHABA 1988; Humes & Dubno 2010) . In the absence of amplification, audibility accounts for most of the difficulties faced by elderly listeners when presented with speech in quiet or in steady-state noise (Peters et al. 1998; George et al. 2007; Humes et al. 2007; Humes & Dubno 2010) . However, a simple audibility-based peripheral explanation of the poor performance of elderly listeners in fluctuating backgrounds is insufficient, suggesting that deficits in higher-level processing may contribute to speech-understanding problems in such backgrounds for older listeners (cf., Peters et al. 1998; Humes & Dubno 2010) . Working-memory capacity is one such cognitive factor that influences the ability to understand speech in steady state and fluctuating noise, both with and without amplification . To date, the evidence e15 supporting central-auditory declines in older adults is generally less compelling than the evidence supporting age-related cognitive declines (Salthouse 2010; Humes et al. 2012) .
It is not clear whether the decline in certain cognitive abilities is reflective of a general (i.e., amodal) sensory decline or specific to the auditory modality. The seminal "common-cause hypothesis" (Lindenberger & Baltes 1994) proposes that the increased association between sensory and cognitive processes associated with aging may be reflective of common underlying physiological processes. In addition, there is evidence showing that auditory and cognitive declines are related, even when age is accounted for . Several researchers have tested the modality specificity or generality of sensory or cognitive abilities that are important for speech recognition by comparing performance on similar tasks across different modalities (Watson et al. 1996; George et al. 2007; Humes et al. 2007; Zekveld et al. 2007; Kramer et al. 2009 ). Watson et al. (1996) correlated performance for young normal-hearing listeners on auditory and visual speech-recognition tasks in which the stimuli were partially obscured or masked. They reported significant correlations (0.43 < r < 0.52) between overall auditory and visual (lipreading) speech recognition, with slightly lower (but significant) correlations between visual text and auditory speech recognition, suggesting that the ability to perceive wholes from parts may be amodal. Zekveld et al. (2007) reported a shared variance of 34% between the thresholds for the recognition of speech in noise and recognition of partially obscured text, confirming the results in the study by Watson et al. (1996) , at least for sentences in normal-hearing listeners.
There is also evidence that, in elderly adults, the ability to make use of partial information in degraded speech may have both amodal and modality-specific components Humes et al. 2007 ). For example, Humes et al. (2007) compared the performance of young and elderly listeners with normal hearing, and elderly listeners with hearing loss, on measures of auditory speech recognition and visual text recognition. They found significant effects of age and hearing loss for auditory tasks and significant effects of age for visual tasks. However, group differences were eliminated for most tasks when the baseline performance (i.e., performance reflecting primarily sensory or peripheral factors) for individual tasks was taken into account in statistical analyses. Results from the principal component and linear regression analyses revealed two principal components that were related to auditory processing and were significantly correlated (r = 0.67). One of the auditory components also showed a moderately significant correlation (r = 0.54) with a third visual processing component.
Although cognitive abilities such as working memory, speed of processing, and the ability to inhibit distracting information decrease with age, there is some evidence that contextual benefit, perhaps because of increases in verbal and other knowledge, may increase with age (Salthouse 2010) , or at least be unaffected by age (Humes et al. 2007 ). Contextual information plays an important role in understanding connected speech, particularly in noise (Miller et al. 1951; Kalikow et al. 1977; Pichora-Fuller et al. 1995) . When listening to discourse, vocabulary, linguistic competence, language background, word, and world knowledge all contribute to listeners' ability to use context in understanding speech (cf., Grant et al. 1998) . The ability to make successful use of context also depends on cognitive factors such as working memory, ability to access the mental lexicon, processing speed, executive control, selective attention, inhibition, and reasoning ability (cf., Grant et al. 1998) . Elderly listeners benefit from the presence of linguistic context when listening to speech in background noise; this suggests that the use of context may compensate for age-related declines in peripheral hearing sensitivity and cognitive abilities (Pichora-Fuller et al. 1995; Sommers & Danielson 1999; Tun et al. 2009 ).
Contextual information can help in several ways, but perhaps, one of the most obvious is by facilitating a strategy that has more to do with problem solving than hearing or listening. That is, listeners can use linguistic or semantic information to make good guesses about what a listener must have said, given what they actually heard. This may be an important part of the ability to make use of partial speech information, but this ability may also depend on other listening skills such as the ability to resolve the relevant speech information in audible portions of glimpsed individual words and the ability to extrapolate or fill in missing information based on the properties of the heard portions of speech. These listening abilities may operate at the level of selective listening (rather than post hoc guessing) and may lead to phonemic restoration phenomena (Warren 1970 (Warren , 1984 Samuel 1981 Samuel , 1996 . To examine these abilities, the present study presented listeners with isolated words to minimize the compensatory use of contextual linguistic information.
In this study, the effects of age, hearing loss, and modality on the ability to integrate partial information in degraded stimuli, either speech or text, were examined using word materials. To examine the effects of age and hearing impairment on performance, three groups of subjects were tested: (1) young normal-hearing adults;
(2) elderly adults with normal hearing; and (3) elderly adults with hearing loss. To ensure that differences in audibility did not confound the results, spectral shaping was used when testing elderly adults with hearing loss. The goal of spectral shaping was to restore the audibility of the speech signal. It should be noted that other issues related to cochlear pathology, such as reduced frequency selectivity because of hair cell loss, will be unresolved in elderly adults with hearing loss even after spectral shaping. To determine the extent to which performance on auditory measures relates to amodal cognitive processes, parallel measures of visual text recognition and measures of cognitive function (working memory) were also obtained. It was hypothesized that the ability to make use of partial information in speech diminishes with age. For this hypothesis to be true, both elderly groups should show deficits in speech understanding relative to the younger group. It was also hypothesized that additional contributions of the cochlear pathology underlying the hearing loss would be manifest as a further decrement in the performance of the elderly group with hearing loss, relative to the elderly group with normal hearing. Furthermore, it was hypothesized that, if the ability to integrate partial information in speech is amodal, then recognition performance for degraded speech would be associated with recognition performance for parallel measures of degraded text. Last, it was hypothesized that, if the nature of the amodal ability to integrate partial information is cognitive, then the performance on auditory and visual measures of word recognition might be correlated with performance on measures of working memory. Working memory was the focus here, both as one of the several candidate processes that might underlie word-recognition performance difficulties in older adults and as e16 KRULL ET AL. / EAR & HEARING, VOL. 34, NO. 2, e14-e23 a cognitive measure representative of process-based cognitive measures in general (Salthouse 2010) .
PARTICIPANTS AND METHODS

Participants
Twenty-five young adults with normal hearing (YNH; aged 18-32 years; mean age = 24 years), 20 elderly adults with nearnormal hearing (ENH; aged 65-84 years; mean age = 73 years), and 21 elderly adults with mild to moderately severe sensorineural hearing impairment (EHI; aged 60-85 years; mean age = 75 years) were paid for their participation in the study (Table 1 and Fig. 1 ). The YNH group had air conduction thresholds of 15 dB HL or lower (ANSI 1996) at octave frequencies from 250 to 8000 Hz. On the average, the ENH group had clinically normal air conduction thresholds (≤ 25 dB HL) through 4000 Hz and a mild sensorineural hearing loss at higher frequencies.
Actual thresholds for six YNH participants were unavailable, although they passed a hearing screening at 15 dB HL from 250 to 8,000 Hz. These subjects were therefore excluded from the calculation of mean thresholds for this group. In addition, all participants had normal otoscopy findings, normal tympanograms, and normal or normal-to-corrected vision by self-report. Elderly participants also passed (scores ≥ 25) the Mini Mental State Exam (Folstein et al. 1975 ), a screening test for cognitive impairment. All participants consented to participation, based on the protocol approved by the Institutional Review Board at Indiana University.
Auditory Stimuli
Materials • Monosyllabic words spoken by a male talker and extracted from the original recordings of sentences in the R-SPIN (Bilger et al. 1984 ) test were used (for details, see the study by Kidd & Humes 2012) . A subset of 125 words (originally recorded in a low-predictability context), with word duration between 300 and 600 msec and intelligibility more than 90% in a pilot test, was degraded in three ways: (1) by adding speech-shaped noise (SSN); (2) by removing segments of speech in the temporal domain; interrupted speech (INT); and (3) by removing segments of speech in the spectral domain; filtered speech (FILT).
Auditory Stimuli in Speech-Shaped Noise (a_SSN) • White
noise was spectrally shaped to match the long-term average spectrum of the R-SPIN words and added to each digital stimulus file such that the speech was temporally centered at the noise, with the noise preceding and following the word stimulus by 250 msec (Fig. 2 , top row). A signal-to-noise ratio of 6 dB was used. This signal-to-noise ratio yielded mid range percent-correct performance, unaffected by ceiling or floor effects, in a pilot study with YNH listeners.
Interrupted Auditory Stimuli (a_INT) • Auditory stimuli
were temporally interrupted by digitally removing segments of speech and replacing them with silence to generate glimpses of speech. A pilot study found that interruptions with eight equalduration glimpses, equaling half of the total word duration yielded mid range percent-correct performance in a group of YNH listeners. This combination of number of glimpses and glimpse proportion was therefore determined to be appropriate for the purpose of this study. The eight glimpses were distributed Fig. 1 . Average hearing thresholds (in dB SPL) for (YNH; filled circles), (ENH; filled inverted triangles), and (EHI; filled squares) subjects at 1/3 octave band intervals between 125 and 8000 Hz. Unshaped long-term root mean square speech spectra for YNH and ENH (filled diamonds) and shaped spectra for EHI (filled triangles) are also shown. *Only the 19 YNH subjects for whom audiometric thresholds were available are shown. YNH, young normal-hearing; ENH, elderly normal-hearing; EHI, elderly hearing-impaired. such that the first and last glimpses aligned with the beginning and ending of a word, and the other glimpses were equally spaced through the duration of the word (Fig. 2 , middle row).
Filtered Auditory Stimuli (a_FILT) • A cumulative equal-
importance function was derived for SPIN materials (ANSI 1997) and fit using a fourth-order polynomial. From this function, 20 equally important (0.05) bands were defined, and a pattern of four spectral glimpses, each involving three contiguous equally important bands (i.e., each having an importance of 0.15) and separated by two contiguous bands of silence, was created (Fig. 2 , bottom row). As a result, the total Speech Intelligibility Index (SII; ANSI 1997) value for this set of spectral glimpses was 0.6. This value was selected on the basis of a pilot study that yielded mid range percent-correct performance in a group of YNH listeners.
Calibration • Noise with the same overall root mean square amplitude and long-term amplitude spectrum as the speech stimuli was presented using the same hardware and software set-up as used in the actual experiment. Overall levels, and levels in 1/3 octave bands (at 500 and 2000 Hz), were measured using a Larson Davis 800 dB sound-level meter (with a Larson Davis 2575 half-inch microphone) and a 2-cm 3 coupler. The sound-level meter was calibrated using a Larson Davis model CA250 tone generator (250 Hz, 114 dB SPL) before use.
Presentation Level • All auditory stimuli were presented at a level of 85 dB SPL (without spectral shaping) for YNH and ENH listeners. Although loud levels of speech (> 80 dB SPL) have been reported to reduce speech intelligibility (Dubno et al. 2002) , it ensured that all three groups would be tested in roughly acoustically equivalent conditions. For the ENH group, stimuli were at least 20 dB SL or more through 4 kHz ( Fig. 1) . For listeners in the EHI group, spectral shaping was applied by filtering the long-term average speech spectrum in accordance with each subject's audiogram. Gain was applied at 1/3 octave band intervals such that speech was 15 dB SL or more (and usually 20 dB SL) through 4 kHz (Humes et al. 2007; Humes & Dubno 2010) . Across the group of EHI subjects, the average overall presentation level was 85.2 dB SPL, with a minimum of 72.8 dB SPL and a maximum of 114.7 dB SPL. SII calculations (for the a_SSN condition) using the octave band SII procedure (ANSI 1997) yielded similar values for the three groups (YNH: 0.54; ENH: 0.53; EHI: 0.52). This suggests that the speech stimuli were equally audible for all groups, with the provison that SII values were not derived using band importance functions for the actual words used in the study. Band importance functions for SPIN words are unknown, and therefore, SII calculations were made using functions for NU-6 words, because both SPIN and NU-6 are derived from the same original database (Lehiste & Peterson 1959) .
Visual Stimuli
Materials • Of the 125 words used in the auditory measures, only those with four to five letters were used in the visual measures. This was done, because in words of smaller length (<4), a greater proportion of letters were completely obscured by one of the visual maskers (v_INT, described as follows) when the position of the mask was randomly moved. This restriction meant that only 91 of the 125 words in the visual measures were common with the auditory measure. The 34 excluded words were replaced with original R-SPIN words with four to five letters. Statistical analyses confirmed that the original set of 125 words, the subset of 91 words common to auditory and visual measures, and the words that were used to replace the 34 excluded words in the auditory and visual measures had similar lexical characteristics (word frequency, lexical density, and lexical neighborhood density). Visual text was degraded in two ways: (1) by presenting text in background Gaussian noise (v_SSN) and (2) blocking segments of the text from view with a visual masker (v_INT). These visual measures were created to be parallel to a_SSN, a_INT, and a_FILT auditory measures, respectively.
Text in Gaussian Noise (v_SSN)
• This measure was a modification of the visual text-recognition task previously used in our lab (for details, see the study by Humes et al. 2007 ). The duration of text display was set at 450 msec, matched to the average duration of the auditory stimuli. The target text and the visual noise were presented in a rectangular field at the center of the monitor. The visual noise was generated by randomly varying the contrast of individual pixels within the target area (Humes et al. 2007) . A contrast ratio of 0.0053 was used on the basis of a pilot study with young adults, wherein it yielded mid range percent-correct performance (Fig. 3 , left column).
Text Masked by Bar Pattern (v_INT)
• The text-reception threshold program, developed by Zekveld et al. (2007) , was modified to display individual R-SPIN words instead of Dutch sentences. Words (Arial, font size 27, red) were presented in a white rectangular field at the center of the monitor, which was masked by a (black) bar pattern (for details, see the study by Zekveld et al. 2007 ). The mask consisted of bars of equal width, although the position of the mask within the rectangle was randomly varied slightly with each trial so that letters in the same position in the text field were not always masked. At the beginning of each trial, the mask appeared first, followed by the target word centered behind the mask. The word was displayed for 450 msec (same as v_SSN), after which the mask remained on the screen until the beginning of the next trial ( Fig. 3 , right column).
Procedure
All auditory tests were conducted in a double-walled Industrial Acoustics sound-attenuating booth (ANSI 1999). Stimuli were presented to the test (typically right, but sometimes left) ear using ER-3A insert earphones. The nontest ear was occluded with an inactive insert earphone. All auditory stimuli were routed through Tucker Davis Technology HB-7 headphone buffers to achieve desired presentation levels. The v_INT measure was presented on a Dell LCD monitor run by a Dell PC running the modified text-reception threshold program inside the booth. The v_SSN measure was presented outside the booth on an Apple Studio display LCD run by a Power Mac G4 computer running Matlab 5.2.
Participants took part in two or three 2-hr sessions and were allowed to take breaks as needed. For auditory measures, a prompt (the word LISTEN) appeared on the monitor before each trial, followed by a word 500 msec later. The subject's task was to type the word they heard. For the v_INT measure, subjects were instructed to read the text and say the word displayed on the screen. The experimenter sat next to the subjects and, using a separate computer, marked the subject's response as "correct" or "incorrect," thereby initiating the next trial. For the v_SSN measure, subjects were instructed to read the text after the visual prompt and write it down on a response form. Three elderly subjects were unable to write because of hand tremors and made verbal responses instead, which were then written down by an experimenter. For all measures, subjects were encouraged to make their best guess if they were unsure.
All participants were first administered a practice list of 25 words not used in the experimental set. Testing consisted of five cycles through the five (three auditory and two visual) measures, each measure making use of a list of 25 words presented in random order. No word was repeated within a 125-trial cycle or in a given measure across all five cycles. This approach was necessitated by the restricted set of words available for testing and the desire to avoid repetition of any words within a cycle. Pilot testing did not reveal any order effects. For this study, therefore, visual measures were followed by auditory measures in the first cycle, and this order was alternated for each of the four remaining cycles. Measures within a modality reversed in order between cycles.
Elderly participants (with one exception) also completed three tests from a working-memory test battery (Lewandowsky et al. 2010) : memory updating (MU; an interleaved multiple summation task), sentence span (SS; true/false sentence judgments interleaved with to-be-recalled letters), and spatial shortterm memory (SSTM; memory for sequentially presented patterns of dots in a matrix) were presented in that order. These tests were administered after the completion of auditory and visual measures. The working-memory test battery (WMC; Lewandowsky et al. 2010 ) was chosen, because it provides a set of tasks that load heavily on working-memory capacity and have strong correlations with tests of reasoning ability and general intelligence (Lewandowsky et al. 2010 ). In addition, the WMC battery has normative data on a large number of adults and is easy and quick to administer.
RESULTS
The rationalized arcsine transform (Studebaker 1985) was applied to percentage-correct scores from all tasks to stabilize error variance before statistical analysis. Our attempt in pilot studies to create auditory and visual measures of equivalent difficulty was unsuccessful. As a result, the visual measures yielded poorer performance than the auditory measures did (particularly the a_FILT measure) across all groups. We believe that these differences in performance across modalities are a consequence of methodological inadequacies, rather than a reflection of the inherent difficulty of the tasks in the two modalities. In particular, the initial estimates of parameter values needed in each condition to roughly equate performance based on pilot data seem to be less than ideal. The selected parameter values, however, did accomplish the main objective of keeping performance levels well below ceiling and above floor. Because the focus here is on relative performance of the groups within a task, the differences in task difficulty are not problematic (given that floor and ceiling effects were avoided). For simplicity, and because the differences in task difficulty are not theoretically meaningful, separate analyses (one-way analysis of variance) were conducted to examine group effects for each of the five tasks, and 
Effects of Age and Hearing Loss
The group mean scores (percentage correct) for each of five measures are provided in Figure 4 . Significant differences were noted between group means for each measure (a_SSN: F[2, 63] = 7.1, p < 0.01; a_INT: F[2, 63] = 6.9, p < 0.01; a_FILT: F[2, 63] = 13.2, p < 0.01; v_SSN: F[2, 63] = 6.6, p < 0.01; v_INT: F[2, 63] = 54.5, p < 0.01). For all measures, performance for the YNH group was significantly better than that for the ENH group. For a_SSN, v_SSN, and v_INT measures, the YNH group also performed significantly better than the EHI group did. Although there was a tendency for the EHI group to outperform the ENH group, the performance of the two groups of elderly listeners differed significantly only in the a_FILT measure (mean difference = 7.7% points, p = 0.03). This slight tendency for the EHI group to perform better than the ENH group cannot be accounted for by differences in audibility (as indicated by the SSI values previously reported), but may be because of greater experience with missing auditory information in daily life (as a result of their hearing loss).
The group means for each of the working-memory measures are provided in Figure 5 . In this study, only elderly participants completed the working-memory test battery. However, we were able to compare data from elderly participants with that from 29 YNH subjects participating in a different study in our laboratory (with the same inclusion criteria). The mean data obtained from these young adults for all three measures of working memory, administered using exactly the same protocol as that used in this study, compares favorably with established norms (Lewandowsky et al. 2010 ). Significant differences were noted among groups for each of the three working-memory measures (MU: F [2, 65] = 47.0, p < 0.01; SS: F[2, 65] = 25.2, p < 0.01; SSTM: F[2, 66] = 70.0, p < 0.01). For all measures, the young performed significantly better than both elderly groups, with the age effect being larger for the MU and SS tasks (approximately 30-35%) than for the SSTM task (approximately 15%). The performance of the two elderly groups did not differ (α = 0.05) for any of the working-memory measures.
Correlational Analyses
Separate correlational analyses were completed for the young (Table 2 ) and the elderly groups (Table 3 ). The effects of age and hearing loss were examined in the elderly by combining data from both elderly groups because of the larger sample size and range of hearing loss. Age, high-frequency pure-tone average (HFPTA), MU, SS, SSTM, and Mini Mental State Exam scores were also included in correlational analyses as potential predictor variables for the performance of the elderly subjects. & HEARING, VOL. 34, NO. 2, In the YNH group, performance on all auditory measures showed significant and moderate to strong correlations (0.72 < r < 0.85, p < 0.01). Performance on the two visual measures was significantly and moderately correlated (r = 0.51, p = 0.01). In addition, performance on one of the visual measures (v_INT) showed a weak to moderate significant correlation (0.40 < r < 0.55, p < 0.05) with performance on each of the three auditory measures.
Similar moderate to strong within-modality correlations were found in older adults (auditory: 0.68 < r < 0.82; visual: r = 0.43; p < 0.01 for both). However, cross-modal correlations were not significant in the elderly. With respect to other potential predictors, the HFPTA was not correlated with age or performance for any of the dependent measures in older adults. Age was significantly and negatively correlated (−0.32 < r < −0.39, p < 0.05) with performance on each of the auditory measures, but not with performance on either of the visual measures. Finally, although there were weak to moderate correlations among each of the cognitive measures (MU, SS, and SSTM), no correlations were noted between any of the cognitive measures and dependent auditory or visual measures. Separate correlations were also performed for the two elderly groups. Although there was a slightly different pattern of correlations for the two groups (including a significant negative correlation between HFPTA and a_SSN for the EHI group), the overall patterns were similar and not indicative of any consistent differences among the groups. *
Regression Analyses
The relationship between dependent auditory measures and other independent measures in elderly adults were further examined using stepwise linear regression analyses (Table 4) .
Regression analyses were separately conducted for each of the dependent measures (a_SSN, a_INT, and a_FILT), with age, HFPTA, visual measures (v_INT and v_SSN), and cognitive measures (SS, SSTM, and MU) entered as independent (predictor) variables. It should be noted that age was identified as the single best predictor for each dependent auditory measure and accounted for 11 to 17% variance. For one of the auditory measures (a_FILT), sentence span was identified as the secondbest predictor and accounted for an additional 10% variance. Together, age and sentence span accounted for as much as 21% variance in performance for the a_FILT measure.
DISCUSSION
In the present study, the effects of age, hearing loss, and sensory modality on the ability to make use of partial information in words were evaluated by comparing the word-recognition performance of groups that differed in age or degree of hearing loss. The effect of sensory modality was investigated by using parallel measures of auditory and visual word recognition. Of the 10 possible comparison between the YNH group and the two elderly groups for the five primary dependent measures, the young performed significantly better than did the elderly *The correlation results for both young and elderly adults were subject to post hoc corrections for multiple comparisons using the stepwise Bonferroni correction (Peres-Neto 1999) . After this conservative correction, in the young, within-modality correlations for visual measures and some of the between-modality correlations (v_INT with a_SSN and a_FILT respectively) were no longer significant. In the elderly, the negative correlations between age and each of the auditory measures and the within-modality correlations for visual measures were no longer significant. However, it is important to note that the magnitude and pattern of the correlations in Tables 2, 3 remain the same, and this correction only affects the assumed statistical significance of these correlations. e21 eight times. YNH performed significantly better than ENH on all auditory and visual measures, and their advantage over the EHI group fell short of significance in only two conditions (interrupted and filtered spoken words). Among older adults, age accounted for 11 to 17% of the individual differences in word-recognition performance. It thus seems that the ability to make use of partial information in spoken or written words decreases with age. The lack of significant correlations with working memory suggests that age differences in the ability to make use of partial information in words are not because of decreased workingmemory abilities. Elderly subjects did have poorer performance on measures of working memory compared with younger subjects (from a different study in our lab), consistent with agerelated deficits in working memory reported by other researchers (Kramer et al. 2009; Tun et al. 2009; Salthouse 2010) . However, the elderly subjects' performance on the working-memory tasks was neither significantly related to word recognition in either modality, nor was it significantly related to hearing loss or age. Given that all the working-memory measures made use of visual stimuli, by design, the lack of an effect of hearing loss on these measures is not unexpected ). However, it was somewhat surprising that age-related differences in the spatial task SSTM were smaller than that observed in the verbal task SS. This is contrary to a consistent finding in the cognitive aging literature that age-related spatial declines are greater than age-related verbal declines (cf., Myerson et al. 1999; Jenkins et al. 2000) . This inconsistency may be attributed to the fact that the spatial task that we used was an easier task compared with classic measures of spatial span. For the SSTM, although participants were asked to remember the spatial relations between the dots (i.e., the overall pattern) on a grid, the absolute dot positions or the order in which they appeared were irrelevant.
Individual differences in working memory among the elderly did not help explain individual differences in auditory or visual word recognition. Although the lack of a relationship between cognitive and perceptual measures is seemingly inconsistent with the well-established relationship between working memory (mostly the reading span) and speech recognition in noise, it is consistent with the lack of such a relationship in studies that have used word materials (cf., review by Akeroyd 2008) .
However, there are many other cognitive and sensory abilities that decrease with age and may have significant effects on the ability to make use of partial information. For example, selective attention and inhibitory processes (McDowd & Filion 1992; Verhaeghen & Cerella 2002) , internal noise (Salthouse & Lichty 1985) , and task-switching abilities (Verhaeghen & Cerella 2002) may also affect the ability of older adults to understand interrupted or degraded speech and text. Deficits in temporal processing with age, not only in the auditory modality (see review by Fitzgibbons & Gordon-Salant 2010) but also across multiple sensory modalities (e.g., Humes et al. 2009 ), may make it more difficult to process the temporal information in a series of brief glimpses. Age-related changes in frequency selectivity (cf. Fitzgibbons & Gordon-Salant 2010) may also adversely affect integration of both spectral and temporal glimpses. A study by Peters et al. (1998) , who examined this spectrotemporal integration ability in young and older adults (both with normal hearing and hearing loss), found that, for amplified speech, speech-reception thresholds in backgrounds with spectral and temporal dips were significantly correlated with age. Older adults, regardless of hearing status, had poorer spectrotemporal integration ability and poorer speech-recognition performance.
It will be difficult to separate the influences of the many factors that may play a role in the ability to make use of partial information. Additional considerations may include the specific nature of the speech information that remains available to listeners. With speeded speech, for example, the removal of dynamic information from low-context speech has been shown to be more detrimental to speech understanding in older adults than younger adults. However, speech distorted by the removal of steady-state information seems to affect older and younger adults similarly (Schneider et al. 2005) . More work is needed to sort out the influence of the various factors previously cited and to determine the extent to which different abilities are required to make use of different types of partial information (e.g., spectral versus temporal glimpses) presented in different ways (e.g., through signal interruptions, dips in background noise, or in time-compressed speech).
The Role of Hearing Loss
It is important to note that hearing loss did not affect auditory word-recognition performance, with the exception of a small, but significant, difference between ENH and EHI for a_FILT for which the EHI subjects performed better than the ENH subjects. This suggests that the use of spectral shaping ensured adequate audibility for the EHI group and that the presence of more severe cochlear pathology in the EHI group did not, in and of itself, affect performance on these auditory measures. It should be noted that similar-sized differences were observed between the young and elderly groups on all measures, regardless of the latter group's hearing status. This suggests that the difference in speech-recognition performance between the two groups is related to age and not cochlear pathology per se. Why the EHI group performed significantly better than the ENH group for the a_FILT measure is not clear. As mentioned in Methods, auditory stimuli were sufficiently audible through 4000 Hz (cf. Humes & Dubno 2010) for both elderly groups and SII for all three groups were similar. Therefore, it seems unlikely that audibility (for the EHI) or lack thereof (for the ENH) would explain this discrepancy. A similar advantage for EHI listeners over ENH listeners was found in an earlier investigation of the recognition of interrupted words and sentences (Kidd & Humes 2012) . It may be that hearing-impaired listeners become better at making use of partial information, because their hearing loss provides them with more opportunities to develop the ability.
Modality-Specific and Amodal Mechanisms
Examination of individual data showed moderate to strong modality-specific correlations among the three auditory measures for both young and elderly subjects. This suggests that, irrespective of whether subjects had access to partial spectral, temporal, or spectrotemporal information, a common underlying factor facilitated the integration of partial information in auditory word recognition, both in the young and the elderly. Moderate correlations also were noted between both visual measures for young and older adults, suggesting that similar mechanisms may be involved in the perception of the two types of degraded text. Strong within-modality correlations, as noted in our study, were also reported by Humes et al. (2007) and e22 KRULL ET AL. / EAR & HEARING, VOL. 34, NO. 2, e14-e23 Zekveld et al. (2007) for their auditory and visual measures. The nature of this modality-specific factor that contributes to performance on auditory and visual measures is not known, but it has been suggested that it may be cognitive in nature.
It should be noted that in young participants, individual differences in performance for the v_INT were moderately correlated with performance on each of the three auditory measures, although correlations between v_SSN and auditory measures were not significant. A general concern in attributing significant correlations to a common underlying mechanism is that, rather than reflecting a unitary ability, the correlations may reflect common method variance (i.e., shared variance because of common task and procedures). However, the observed crossmodal correlations (at least for YNH) for v_INT, but not for v_SSN (which are methodologically similar), argue against an explanation based on method variance. These across-modality correlations lend credence to the suggestion that shared amodal cognitive mechanisms may underlie performance in each of these modalities for young adults (Watson et al. 1996 ). However, these cross-modal correlations were absent in the elderly.
Why should amodal factors play a role in understanding degraded speech in young adults but not in older adults? The answer to this question, in part, may again have to do with our use of word materials. Sommers & Danielson (1999) investigated the effect of sentence context on the ability of young and older adults to inhibit distracting information. They found that age-related deficits in inhibition failed to emerge when older adults had access to sentence context but were more pronounced when access to contextual cues was minimal (i.e., lowcontext condition). It is possible that the ability to put together partial information is an ability that operates across modalities. It may be that this ability diminishes with age and that sentence context operates as a cognitive factor binding auditory and nonauditory information together across modalities. In the absence of sentence context, listeners may have to rely more on other top-down factors and bottom-up acoustic-phonetic cues to facilitate recognition. Younger adults, with intact ability to put together partial information in speech, are able to do this easily, but this is not the case for the elderly. Cognitive and central declines associated with aging may affect top-down control of multiple sensory functions. Alternatively, the lack of crossmodal correlations in the elderly suggests that separate mechanisms may exist for processing degraded words and degraded text in older adults (with normal hearing or hearing loss).
A lack of cross-modal correlations in the elderly would seem to argue against a global, amodal cognitive mechanism (cf., common-cause hypothesis) that contributes to perceptual processes across sensory domains. However, as mentioned earlier, several studies have noted cross-modal correlations between parallel auditory and visual measures, suggesting the presence of an amodal mechanism that governs speech understanding in noise (Watson et al. 1996; Zekveld et al. 2007 ). There is also evidence that both amodal and modalityspecific mechanisms may affect speech understanding in noise Humes et al. 2007) . A comprehensive review of studies examining the role of sensory modality on age-related deficits in attention and inhibition offers a useful insight into the complex nature of interactions between perceptual and cognitive processes (Guerreiro et al. 2010 ). This review revealed a greater effect of age-related distraction in unimodal rather than in cross-modal conditions. It also found that the visual modality was more susceptible to age-related distraction than the auditory modality was. These results, taken together, suggest that age-related declines in attention and inhibition may differ between modalities, although they do not discount the role of amodal mechanisms. This view would be more consistent with the evidence that both amodal and modality-specific mechanisms affect speech understanding in noise Humes et al. 2007 ).
SUMMARY
In summary, our results suggest that the ability to make use of partial information in degraded speech diminishes with age, at least for isolated words. Many types of distortion, disruptions, or masking of the speech signal will make some useful speech information unavailable, and the ability to make use of the remaining information will likely depend on what parts of the speech signal remain and whether those parts are intact or distorted (by external or internal noise). The present study shows an age-related decrease in the ability to make use of spectral and temporal glimpses in isolated words (in speechshaped noise), which cannot be accounted for by reductions in audibility or a decrease in working-memory capacity. In young adults, both modality-specific and amodal factors seem to contribute to this ability. In older adults, although modality-specific factors continue to be important, it seems that the perceptual mechanisms that underlie the ability to put together partial information in speech and text are separate, at least for isolated words. Our results suggest that, when peripheral factors are accounted for, some higher-level, yet-to-be identified, age-related factors contribute to speech-communication difficulties in the elderly.
